The equipartition frequency v of an anisotropic plasma is calculated numerically and analytically within the Landau approach for strong magnetic fields and several new integral expressions for v are presented. In the ultra strong magnetic field case, when r c <^b, where r c is the Larmor radius and b the classical distance of closest approach, v is shown to be dependent on how the Coulomb force is cut off at short distances. None of the obtained expressions, however, coincides with experiment, in contrast to the strong interaction theory of O'Neil and Hjorth. For weaker, but still strong magnetic fields (r c >b) the ambiguity disappears and the weak interaction result describes well the experiment. It is, hence, the transition region r c^b , where the transition from strong to weak interaction takes place.
Introduction
The collisional relaxation of anisotropic temperatures T ± and Tj| of a weakly correlated plasma that is immersed in a uniform magnetic field B=ßSis known to depend on the strength of the magnetic field [1 -4] . Taking into account self-collisions only and exploiting the weak-interaction approximation (Landau approach), three regions of the magnetic field dependence of the equipartition collision frequency v can be distinguished.
In region I, when the thermal Debye length x D is smaller than the Larmor radius r c , the equipartition frequency v is found to be independent of B (/. D = yjeoT 0 /ne 2 , where T 0 = (T^+2T 1 )/3 is the isotropic temperature of the considered species; r c = ^JTJmQ _1 , where Q = eB/m is the Larmor frequency).
In the intermediate region II, given by b<r c </. D , a logarithmic decrease of v is found with increasing B (b = e 2 /(\2m 0 T 0 ) is the Landau length or classical distance of closest approach).
In the strong magnetic field region III, where r c <b holds, an extremely small collision frequency is obtained.
Present day fusion plasmas like JET or the solar wind plasma [5, 6] are found to lie in region I; the Reprint requests to Dr. H. Schamel, Universität Bayreuth, Theoretische Physik IV, Postfach 10 12 51, W-8580 Bayreuth, Germany. magnetic field has, therefore, little influence on the equipartition rate (in JET plasmas this is well satisfied for ions and marginally true for electrons (r Ce^/De ), whereas in the solar wind both species well satisfy the criterion r Cs > a Ds for s = e, i).
Recent experimental progresses in confining a weakly correlated, pure electron plasma [7, 8] have now made accessible regions II and III and, hence, provide a test of analytic expressions derived for v in this parameter regime. In these experiments the criterion for the validity of a classical treatment of the collision dynamics, namely, hQ<T 0 < 5 eV [9, 10] , was satisfied.
Within the Landau theory a weakly correlated plasma is assumed, i.e., A = A D /b = \2n nX^P 1, where A is the quantity appearing in the Coulomb logarithm, In A, and it holds A -12 n g~1, where g = (n /.£) ~~1 1 is the plasma parameter. The decrease of v with increasing B in region II is approximately described by a replacement of A De with r Ce in the Coulomb logarithm. This can be interpreted as a shortening of the effective interaction range perpendicular to B from /" D to r c . It also shows that distant encounters, i.e., small-angle collisions between particles with impact parameters g in the order of a d become less effective.
On the other hand, referring to the ultra strong magnetic field case, r c b, O'Neil found that the most effective collisions in this region are close encounters, i.e., collisions with g % b. He realized that the motion 0932-0784 / 92 / 0400-645 $ 01.30/0. -Please order a reprint rather than making your own copy. of two such colliding particles is controlled by an adiabatic invariant, u 2 ± , where w x is the relative velocity of the particles perpendicular to the homogeneous magnetic field, and developed a strong interaction theory by exploiting the Boltzmann collision integral [10, 11] . This adiabatic invariant implies that the exchange of perpendicular energy or the scattering of the perpendicular velocity components, respectively, is governed by a dipole-like rather than a monopolelike interaction and, hence, a Boltzmann-type operator can be justified from the BBGKY hierarchy due to this more short range interaction. The essence of this adiabatic invariant is that it is conserved only asymptotically, when r c /fr->0 and that exponentially small changes in perpendicular energy will take place when B is large but finite. Within the strong interaction theory [10] , the equipartition frequency is, therefore, expected to drop off exponentially.
However, in cases of weaker magnetic fields -more precisely in the regime of interest representing the transition from region III to region II, r c &b -the adiabatic expansion breaks down and it becomes questionable whether the close encounters g % b contribute most effectively. So, one is forced to conclude that at present no convincing theory is available for this transition region. Here, neither the unperturbed helices upon which the Landau-or small interactionapproach is based nor the Ex B guiding center motion, where E is the microelectric field of the point charge, which is the basis of the strong interaction theory [10] , are believed to be meaningful tools in describing the collision dynamics.
In such an unsatisfactory situation it seems meaningful that one evaluates each approach as exactly as possible to be sure that the differences to a more sophisticated theory, which may arise in the future, will be due to an incomplete treatment of the collision processes of the former theories and will not be further masked by an imprecise or doubtful calculation of the collision frequency within each approach. Another possibility to test these approaches are Monte-Carlo simulations with many particles [12, 13] ,
The present paper represents a continuation and deepening of our earlier one [4] , Relying on the Landau approach, it focusses on the strong magnetic field regime, b, i.e., on a regime, where the formula in [3] for v ceases to be valid. We present several forms of the general integral expression for the equipartition collision frequency v, determine the behavior of v in the transition region in more detail and show by a formal expansion of v for the ultra strong magnetic field case, r c <^b that in this case the Landau approach itself is no longer uniquely defined but depends on how the cut-off is introduced into the Coulomb force. In general no restriction on the strength of the temperature anisotropy is imposed. Furthermore, comparisons are made with recent experimental data [8] ,
The paper is organized as follows. In Sect. 2 the weak interaction formalism is presented in the framework of [3] and the matrix elements are exposed, which sensitively will depend on how the cut-off is introduced. Section 3 is devoted to an evaluation of the equipartition frequency, and the above mentioned comparisons of the two theories with experiment are made in Section 4. Furthermore, in the appendix a new form of the asymptotic expansion of Bessel functions is presented.
Derivation of Basic Equations
The kinetic equation, we are starting with, is of Landau-Rostoker-type [14, 15] and is found, e.g., in [3] , which also serves as a guide line. It is valid in the weak interaction approximation, treats, hence, only distant encounters correctly (small angle scattering), ignores relativistic, quantum, polarisation, nonuniform and non-Markovian effects and reads for the s-th species
where the notation is standard [15] , 0 represents the electrostatic Coulomb potential <P(r i 2 ) = 47ce 0 |r 12 1 '
r 12 is the relative position vector of two colliding particles ^12 = '"t ^2
and r t (t), v^x) stands for the i-th particle unperturbed orbit at time x.
Two further simplifiations are adopted. We consider only like-particle collisions, setting s = s' = e, q e = -e, m e = m, and assume a gyrotropic electron distribution
which is, hence, independent of the gyroangle of an electron gyrating around the magnetic field line.
The free particle trajectories are determined by the equations of motion (the characteristics of the Vlasov operator)
where Q=eB/m is the electron gyrofrequency. Equation (4) yields upon integration
,0-Next, we introduce the Fourier-Transformation
so that (f) (r) = e 2 /4 ns 0 r transforms to 0 (
J can then be written as
where the tensor Q is given by (2n)
with the definitions sinßr AX 12 (z)±v 12 Q Q
In the limit ß->0 the usual Landau operator is easily obtained:
where u =v l2 = v l -v 2 and J is the unit tensor. Introducing 0 (Ac) in the second step of the last equation, the A-integral in Q reduces (up to a constant) to For finite Q, it can be shown that only the symmetric part of Q contributes and that its tensor elements can be expressed by Q y ^ = e x • Q • e lf where <? x is a unit vector perpendicular to 8 = B/B. The wave vector is then decomposed either cylindrically into k = e x k ± cosoc + e 2 fc x sina + 8k^ (11) or spherically into k = k sin 9 cos a + e 2 k sin 9 sin a + 8 k cos 9,
where a and 9 are the azimuthal and polar angle, respectively (e 2 = 8x ej. The tensor element then reads
+ /cii UII T> ) k\ cos a cos (a -Qz).
It depends on how the ^-integral is treated, i.e., whether a cut-off is introduced in the /c ± -integration only (case A) or in the spherical /c-integration (case B).
In the latter case also a k^ -cut-off is implied. In both 
where £ = k L uJQ, C, = k» u".
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where the boundaries in the /c x -integral still have to be specified.
Case /?. Spherical Cut-Off
If we treat, on the other hand, the /(-integral spher- The temperature isotropisation can be treated for both cases in the following way.
With the definitions of parallel and perpendicular replaced by e, where energies, m , n Tn dVy-v'f^-^,
where T 0 is the final isotropic temperature, W^ can be :, whe
T ± (t) s(t) = n a)
y vj 1 
f = nT 1 ,
This choice of the distribution function is suggested by the experiments [7, 8] and allows in a most simple way the study of temperature isotropisation. 
The Equipartition Frequency

Case A: Cylindrical Cut-Off
In the cylindrical case A, inserting Q x , from (23) Replacing the /c ± -integration by the x-integration, it follows
Because the / = 0 term vanishes and the remaining series is symmetric in / -> -/ we get where I (x) = e x erfc^/x and where it is understood that the operator d/de does not work on the e-dependent x D (e) and x 0 (e).
Another form is *o 2^/tc _ _, f . F(x,e) v(B, e) = 4 ln/1 with oo F (x, e) = J dr exp
which in a relatively elegant way can be obtained by exploiting Hassan's equations [17] (see also [18] ). It is used in [4] to get numerically v{B, e) for arbitrary magnetic field strength. The main result, as mentioned in the introduction, is that there are three regions of magnetic field dependence: 
which is identical to (30) of [16] . The formal asymptotic expression for an ultra strong magnetic field is obtained even more simply. For ß -> oo, x 0 and x D tend to zero and 7,(x) can be replaced by /, (x) % (x/2)'//!; that means, only the / = 1 term contributes to lowest order.
Since U(2,1; e/2x) x~°4 x 2 /e 2 , we easily find by integration the desired equipartition frequency valid in the region III for case A:
In (41) a term A~A has been dropped compared to unity (it is introduced by the lower cut-off). This expression was already obtained in [4] 3 and predicts an algebraic decrease of v with ß -4 in the limit Q->oo.
In this paper there are several misprints. In (4) the s-integral has to be taken from 0 to oo, A defined on page 3 is given by A = 12ng~1 and in (11) J\ + e a has to be replaced by yi + 2e a .
Case B: Spherical Cut-Off
Now we turn to a spherical cut-off and show that it yields a rather different ß-dependence for B->oo.
Inserting Q lx for case B, (16b), into (23) 
In view of b/r c P 1 this is an extremely small value. Hence, the more stringent isotropic constraint on the Coulomb force restricts the energy exchange to a negligible level.
Comparison with Experiments
Let us now have a first look on our formal results from a weak interaction Landau theory and on the results obtained in [10] in the ultra strong magnetic field region III, where r c /b<£ 1, being aware that the weak interaction approximation is not justified in this region as discussed in the introduction. The three asymptotic curves are shown in Figure 1 .
The solid curve represents (28) of [10] , while the dotted line shows the algebraic behavior of the cylindrically cut-off collision frequency (41), and the dashed line is a plot of the spherically cut-off v, (46). All curves are drawn for e«l. The analytic expressions for the curves are as follows v ~ 1.5 y6/n • 0.47 £ 1/5 exp (-2.04 e" 2/5 ), [10] v ~ 3 y? x 4 ,
where x = r c /b and e = x/(3 y2). Figure 1 very drastically reveals that the weak interaction approximation in this regime does not only yield different results depending on how the Coulomb force is cut off, but also that none of the weak interaction results is able to confirm the experimental results (represented well by the solid line). This is, hence, a cogent evidence of the fact that in the ultra-strong magnetic field region the cumulative small-angle scatterings are less effective.
However, as r c /b increases and approaches unity, both weak interaction expressions coalesce and at the same time the differences to the experimental results disappear. This can be seen from Fig. 2 , which shows the normalized equipartition frequency calculated via (37) and (38) (circles) with A= 10 7 5 , together with four experimental data taken from [8] mentally, the temperature range was given by 28 K< T< 1.1 • 10 4 K and the magnetic field strength varied within 3T<B<6T, so that the criterion for a classical treatment, mentioned in the introduction, was satisfied. Furthermore, the asymptotic strong interaction result of [10] (solid line) is shown for r c /b < 1, the region of its applicability.
We, therefore, conclude that the transition region r c^b , is the boundary between the validity of the strong and weak interaction theory, in agreement with experiment [8] and simulation [13] . 
